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Abstract: The surface morphology of polystyrene thin films formed from various molecular weight 
polystyrene and solvent conditions is studied. When spin-cast from tetrahydrofuran (THF) wrinkles 
are formed at the extremities that have periodicity with wavelengths in the μm range and amplitudes 
in the nm range but varies with molecular weight. A mixed solvent system consisting of THF and 
dimethylformamide (DMF) leads to periodic structures only with THF-rich compositions. THF and 
DMF have similar properties relevant to spin-casting: density, surface tension, molecular weight, and 
viscosity but different boiling points and room temperature vapor pressures, demonstrating that 
formation periodicity requires a volatile solvent. The formation of the surface structures is attributed 
to the Marangoni effect and the film thicknesses and wave parameters are shown to be consistent 
with literature models. 
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1. Introduction 
In the present state of materials science, where there is a push for devices to be made smaller, it 
is important to understand a material’s physical and chemical properties from both the perspective of 
the surface and the bulk. It is well documented that a material can behave differently when 
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comparing these two regions of the same substance [1–5], which is often attributed to confinement 
effects. Furthermore, an additional area becomes of importance when the surfaces of two different 
materials interact to form an interface. A defining feature of an interface is the surface morphology, 
which is a broad term and can be considered on many different scales. In modern thin film systems 
one must consider the nano/micrometer regions of surface morphology as well as the macro features. 
Changing and controlling surface morphology through the use of etching and lithography in hard 
materials such as silicon wafers has been well studied and understood for some time now [6–8]. 
However, polymers are playing a larger role in devices and new methods are needed to control 
surface morphology. The push for understanding and controlling surface morphologies historically 
arises from the field of adhesion [9,10], but certain patterning in   materials has been shown to be 
promising for use in photonic devices [11–20], stretchable microelectronics [21,22], mechanically 
switchable wetting [23], and microfluidics [24,25]. Methods currently used for producing       surface 
patterns in soft materials include thin film dewetting [26–28], electrohydrodynamic patterning 
[29,30], breath figures [31,32], thermal-gradient induced patterning [33,34], self-assembly and 
microphase separation [28,35,36] electron irradiation [37] but most commonly used is template 
based patterning [38–40]. Template based patterning can be used to create various different types of 
geometric structures such as hexagons, stripes, or rectangles, however the most common use of 
templating is the production of wrinkles (also known as striations or corrugations) on a surface [41–
44]. To induce wrinkling on a surface, a layer of elastomer, typically polydimethylsiloxane (PDMS), 
is prestrained mechanically or thermally. A rigid skin layer is then transferred onto the elastomer and 
the strain is released, which causes buckling of the skin layer and produces wrinkles, creases, or 
folds. 
Herein we report a simple spin casting method that can be used to fabricate polystyrene thin 
films that have different surface morphologies. Modification of the surface morphology of polymer 
films has long been studied with the goal of controlling the structure [45–52]. Wrinkles in the PS 
films form spontaneously without the use of PDMS, away from the center of the sample. The surface 
morphology, as determined by the wavelength and amplitude of the periodic structures, can be 
controlled by the spin-speed, solvent composition, and the polymer molecular weight but the solution 
concentration has minimal effect on these parameters. We find that a high evaporation rate is 
required to obtain a periodic surface morphology while a low evaporation rate leads to a random 
surface structure. This is consistent with previous studies showing the role of solvent evaporation of 
polymer solutions under non-spinning conditions [53]. 
The parameters required to understand spin-cast films have been studied for a long time [54,55] 
and are reasonably well understood. Several solvent properties influence the final film characteristics, 
including vapor pressure, density, and molecular weight. Standard spin-coating theory [54,55] 
predicts smooth films but with the observation of wrinkle formation during spin-coating [50,51,56] 
new theories were developed, primarily to understand how to prepare uniform films rather than 
create nanostructured surfaces [57–61]. Two different mechanism were proposed to explain the 
wrinkle formation. De Gennes [58] suggested that as evaporation occurred a thin layer of a glassy 
polymer formed on the surface that buckled upon final drying. In contrast, Birnie [60] developed a 
model based on the Marangoni effect, which arises from differential evaporation that induces a stress 
field that lead to disruptions that control the final surface structure. Birnie [60] determined that the 
surface morphology was controlled by the relative effects of evaporation rate and surface tension. 
Experimental work supports the Marangoni model [57,59,61–64] although there are still unanswered 
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questions [61]. Our results support the Birnie model [60] which adds sinusoidal perturbations to 
standard thickness models.  
PS has been shown to show nonuniform and periodic surface morphologies when cast from 
single component good solvents [39,47,49]. We find that the wrinkle amplitude and wavelengths 
scale with the dry film thickness but are independent of the concentration of polymer when spin-cast 
from pure THF. In contrast, a solvent system composed of THF mixed with dimethylformamide 
(DMF), two solvents that have about the same molecular weight, density, and surface tension but 
drastically different vapor pressure, periodic structures are only found for THF-rich compositions. 
The role of solvent composition has not been reported previously. 
2. Materials and methods 
Glass (borosilicate) slides were cut into 3.75 × 1.75 cm pieces (2 mm thick). These were then 
cleaned first by sonication in 95% ethanol (EtOH, Pharmaco-Aaper) for 15 min, then by sonication 
in DI water for 15 min, and finally dried with N2. Polystyrene (PS, Polymer Source Inc.) solutions 
were made in solvent (tetrahydrofuran (THF, Sigma Aldrich, HPLC Grade) or 
THF/dimethylformamide (DMF, Sigma Aldrich, HPLC Grade) mixtures. Each solution was 
sonicated for 4 h or until the entire polymer was dissolved. The PS films were made by spin-casting 
using fresh solutions. A 500 µL aliquot of the PS solution was deposited in the center of the glass 
substrate. Spin-casting was done at room temperature under a N2 blanket (to remove humidity effects) 
with an acceleration of 1080 rad·s−2 for all solutions but different final rotation rates and spin times 
were used. To achieve different PS film thickness either the spin speed or the PS concentration was 
varied. After spinning, the films were placed in a 60 °C oven for 1 min to dry.  
The film thickness of the PS was determined using a Filmetrics F40 microscope via reflection 
spectroscopy. The reflection spectrum was recorded with a tungsten-halogen light source over the 
range of 400–900 nm. The resulting interference pattern was then fit using the known refractive 
index of the polymer to give the average film thickness. After the film thickness was determined, the 
surface morphology of the PS films was analyzed using a Filmetrics Profilm 3D Optical Profiler. The 
images of the surface were obtained using either the vertical scanning interferometry (VSI) or phase 
shifting interferometry (PSI) modes. The evaporation rates of PS/DMF/THF solutions were 
measured by placing a 0.5 mL aliquot of solution on a glass substrate on a balance (23 °C, 20% 
humidity). The mass was recorded as a function of time until the mass leveled off. 
3. Results and discussion  
The spin coating method for fabricating thin films is often used because it is a simple method to 
create uniform films of a desired thickness. However, the actual dynamics of spin casting are 
complicated, as the final product and quality of the film depend on many factors. As             Bornside 
et al. [55] have demonstrated, the final thickness of a dry film, ho, can be estimated through the 
following equation, 
1                                    (1) 
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where o is the initial viscosity of the solution, opol is the mass fraction of polymer in the initial 
solution, sol is the mass fraction of the solvent in the gas phase at equilibrium, g is the kinematic 
velocity of the overlying gas, c is a constant that depends upon the Schmidt constant, Dg is the 
diffusivity of the overlying gas,  is the density of the solution, psol is the vapor pressure of the 
solvent, Msol is the molecular weight of the solvent, R and T represent the ideal gas constant and 
absolute temperature, and is the angular speed. Eq 1 predicts that several experimental parameters, 
including solution concentration, polymer molecular weight, solvent volatility, and spin speed, can 
be used to change the film thickness. The success of Eq 1 in predicting the thickness dependence 
with respect to rotation rate and polymer concentration has been well documented [54,55] and we 
confirm these dependencies for polystyrene, as shown in Figures S1 and S2 in the Supplementary 
Information. 
While Eq 1 does not show an explicit dependence on the molecular weight, the initial viscosity 
will depend on both the concentration and the molecular weight. The Mark–Houwink relationship is 
∝ , where the exponent  is polymer dependent and has an accepted value of  = 0.70 for PS 
in THF [62]. Isolating all of the variables in Eq 1 except the molecular weight implies that ho should 
scale as o1/3 = (Mpol)1/3, i.e. a power law of the form ho = aMpol, where a and  = /3 are fitting 
parameters. Figure 1a shows the measured PS film thickness as a function of PS molecular weight, 
while all other experimental parameters are kept constant. As shown in Figure 1b, the best fit for the 
power law, a = 53 ± 20 nm and  = 0.21 ± 0.03 = /3, giving  = 0.63 ± 0.09, in reasonable 
agreement with the accepted value. 
To examine the solvent influence on the film thickness we chose a THF/DMF mixed solvent 
system. As shown in Table 1, the key solvent parameters relevant to spin-coating as expressed in Eq 1 
are similar for THF and DMF, within a few per cent, except solvent vapor pressure and boiling point, 
which are related quantities. Other than the vapor pressure, the biggest difference in the relevant 
solvent parameters is the viscosity, but this difference will be negated in solution, where the polymer 
concentration will dominate the initial viscosity. Assuming that the vapor pressure follows Raoult’s 
Law, and combining other parameters in Eq 1 into a single variable, the thickness can be written 
as	 ′ Χ Χ , where  is mole fraction and po is the vapor pressure of the 
pure solvent and a’ is an arbitrary parameter. Figure 1b shows the experimental data and the fit to the 
simplified equation with a’ = 310 ± 35 nm. 
Table 1. Solvent Properties [63]. 
Property THF DMF 
Molecular weight (g/mol) 72.1 73.1
Density (g/cm3) 0.888 0.945 
Molar volume (cm3/mol) 81.08 77.43 
Boiling point (oC) 66 153
Vapor pressure (kPa, 21 oC) 17.7 0.507 
Viscosity (mPa·s, 25 oC) 0.55 0.82
Surface tension (mN/m, 20 oC) 28 35
Equation 1 gives a good description of the average thickness as shown by the data and fits in 
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Figure 1. However, closer examination of the films shows that the surface is not smooth so we 
pursued this further. Figure 2 shows the surface structures of the outer edges of PS films measured 
by optical profilometry as a function of solvent composition and molecular weight. When the solvent 
is primarily THF, there is a well-defined periodic surface morphology. When the solvent is DMF 
rich, the surface is rough but with no defined wave forms. A mixed solvent that is composed of 70/30 
(v/v) THF/DMF overlays both of these surface structures where there is a roughness superimposed 
on a broad and shallow wave. This implies that to attain periodicity the solvent must be relatively 
volatile at the casting temperature or have a low boiling point. 
 
Figure 1. (a) Film thickness as a function of PS molecular weight. Films were cast using      
a 4% (w/v) PS solution spun at 1200 rpm. The data is fit to the equation ho = aM

pol, 
where  = 0.21. The error bars represent a standard deviation of 9 measurements. (b) PS 
film thickness as a function of mole per cent THF in a THF/DMF mixed solvent. Films 
were cast using a 4% (w/v) solution spun at 1200 rpm. The dashed line shows a function 
of the form ′ Χ Χ , where  is mole fraction and po is the 
vapor pressure of the pure solvent. The error bars show the standard deviation of at least 
three measurements. 
 
Figure 2. Surface structure of PS films cast using different molecular weights and 
solvent compositions. The scale bars indicate a length of 100 µm. The indicated 
composition percentages are v/v.  
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The evaporation rate of PS solutions was measured under non-spinning conditions, as shown in 
Figure 3. The data clearly show that the THF and DMF evaporate independently, which is expected 
based on the large difference in boiling points and vapor pressures. There is no evidence of azeotrope 
formation. Further, the evaporation rate is the same for all compositions for each component: for 
THF this is 0.0421 ± 0.0002 g/s and for DMF this is (1.40 ± 0.01) × 10–3 g/s. In the 
70%THF/30%DMF solvent mixture there is a deviation from the DMF evaporation rate at long times 
not observed in the other data. We have no explanation for this deviation, although it may be related 
to a nonideality deviation from Raoult’s Law. For all cases the mass change levels off at ~0.02 g, 
which corresponds to the remaining polymer from the 4% (w/v) solution. In the solutions that are 
THF rich the evaporation is more than 50% complete within ~10 s, which means that the initial 
structure of the surface is fixed quickly. In contrast, in DMF-rich solutions the evaporation time is 
much longer so the initial surface structure has more time to reconfigure. The result is that the initial 
periodicity is lost while the surface still has some roughness. While these evaporation results are for 
non-spinning conditions, the trends are expected to be the same under rotation. This is consistent 
with the work of Schaefer et al. [53], who showed that the length scale of polymer thin film 
morphology depends on the evaporation rate of the solvent. They showed that fast evaporation rates 
lead to kinetic controlled structures while long evaporation rates lead to thermodynamic controlled 
structures. 
 
Figure 3. Evaporation of a 4% w/v solution of PS in various mixed DMF/THF 
compositions. The solid lines correspond to the indicated evaporation. The uncertainties 
in the measurements are of the size of the points. 
Figure 4a shows the surface roughness as a function of solvent composition for films composed 
of PS with molecular weight of 350 kg/mol. As the fraction of THF in the solvent increases the 
surface roughness increases. This is true independent of the rotation rate. This implies that the 
nonuniform surface structure forms early in the coating process and only slowly relaxes into more 
uniform films as long as there is solvent still present. This is consistent with the static evaporation 
data. To further test the role of the solvent volatility, the spinning time was varied. Assuming that 
surface structures are randomly formed in the absence of rotation, then a short spin time will capture 
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the structure promoted by the initial evaporation, which should be dominated by the more volatile 
component of the mixed solvent。 
 
Figure 4. (a): RMS surface roughness as a function of solvent composition. (b): 
Amplitude (open red circles, right axis) and wavelength (filled black circles, left axis) 
found for PS films formed from a solvent composed of 10% DMF and 90% THF (v/v) at 
1200 rpm. For both figures the molecular weight is 350 kg/mol. Raw data used for the 
amplitude and wavelength determinations are shown in the Supplementary Information. 
Under solvent conditions with a high concentration of THF (>70% v/v) the film surface 
structure is periodic, as shown in Figure 2. Line scans were extracted from the surface profiles and fit 
to a function of the form 
sin                                                             (2) 
where h(x) is the height along the position x of the line scan, ho is the average height as described in 
Eq 1, ao is the amplitude of the wave, and o is the wavelength. Examples of fits are shown in the 
Supplementary Information (Figures S3–S13). The amplitudes and wavelengths found from fitting to 
Eq 2 for changing the rotation rate for films created using a 4% w/v PS (molecular weight            = 
350 kg/mol) solution of a solvent composed of 90% THF/10% DMF (v/v) are shown in Figure 4b. 
All films appear dry after even the shortest spin time, but the presence or absence of solvent trapped 
in the films was not determined. As the residence time on the spinner increases both the wavelength 
and amplitude of the wrinkle structure decrease. Again, this supports the conclusion that the surface 
structures are formed early in the drying process.  
Figure 5 shows the molecular weight dependence of the wavelengths and amplitudes of 
wrinkles at a constant film thickness of 310 ± 10 nm. At low molecular weights, Mn < 13 kg/mol, the 
periodicity is not well defined with amplitudes less than 25 nm and wavelengths in the range of 50–
75 μm. Increasing Mn to the range of 53 kg/mol ≤ Mn ≤ 105 kg/mol, the wrinkles become more 
defined, the heights increase to 50–120 nm and the wavelengths increase to 90–115 μm. Finally, 
when Mn > 105 kg/mol the wavelengths decrease markedly, leveling out to about 75 μm. For Mn > 
105 kg/mol the amplitudes also decrease but only by a small amount compared to the maximum and 
are approximately constant, ~75 nm, for Mn > 150 kg/mol.  
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Figure 5. Average (a) Wrinkle Wavelength and (b) Wrinkle Amplitude as a function of 
polystyrene molecular weight. Error bars represent a standard deviation of three 
measurements (in some cases the standard deviations are of the size of the plotted point). 
The film thickness was kept constant at 310 ± 10 nm. 
The changes in the wrinkle amplitude and wavelengths as a function of rotation rate are shown 
in Figure 6. As the spin rate increases, both the wavelength and amplitude decrease. Both of these 
parameters scale as −½, as shown by the solid line in Figure 6, which could imply that the surface 
morphology scales as the film thickness. 
 
Figure 6. Average wrinkle wavelength (black dots, left axis) and amplitude (red squares, 
right axis) as a function of spin speed for a 2.0% (w/v) PS (Mn = 350 kg/mol) solution. 
Error bars represent a standard deviation of three measurements. The solid line is a fit to 
a function of the form  = a−½, where  is the rotation rate. 
To test this conclusion, the film thickness was changed by varying the concentration of the 
polymer at constant rotation rate, as shown in Figure 7. Under these conditions, the wavelength and 
amplitude remains constant. Since the film thickness increases with increasing solution concentration 
(as shown in Figure S2), the data in Figure 7 demonstrate that the amplitude and wavelength of the 
periodic structures arise independently from the final film thickness. This then requires that the 
changes in observed as a function of spinning speed shown in Figure 7 are not associated with the 
final film thickness. 
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Figure 7. Average wrinkle wavelength (black dots, left axis) and amplitude (red squares, 
right axis) as a function of PS concentration (1200 rpm, Mn = 350 kg/mol). Error bars 
represent a standard deviation of three measurements. 
While the average thickness of PS spin-cast films is well described by the Bornside et al. [55], 
model as embodied in Eq 1, this model does not account for the periodic surface morphology 
observed. To account for the wrinkles the model proposed by Birnie [60] is used. In the Birnie model 
the Marangoni effect, which is based on differential evaporation of the solvent at different spatial 
locations, is invoked to impose a perturbation on the initial polymer solution. The model assumes 
that the height of the fluid solution follows a simple sinusoidal variation: 
H(x) = Ho + A sin(kx)                                                           (3) 
where H(x) is the fluid height at different locations x, Ho is the initial fluid height, A is the amplitude 
of the fluid modulation, and k is the wavenumber of the periodic perturbation. In relation to the 
wavelengths we have measured using Eq 2, k = 2/o for the final film thickness. In order for an 
evaporation modulation to occur, the model [60] assumes a surface tension modulation in phase with 
the height modulation 
(x) = o + B sin(kx)                                                              (4) 
where (x) is the surface tension at location x, o is the initial solution surface tension, B is the 
modulation amplitude of the surface tension, and the other symbols are as previously defined. The 
surface tension is assumed to change linearly with the fractional polymer concentration, which leads 
to the relation 
sin                                                         (5) 
where Cp(x) is the fractional polymer concentration at location x,  is the initial fractional polymer 
concentration, and C is the fractional modulation of the polymer concentration. Within the       Birnie 
[60] model the observables from our study can be found as 
                                                              (6) 
                                                                (7) 
The values of A, B, and C may be time dependent so cannot be evaluated as independent parameters. 
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The terms , o, and Ho are experimentally controllable by varying the polymer concentration, 
solvent, and solution volume, respectively. 
Qualitatively, Eqs 6 and 7 can account for the observed wavelengths and amplitudes with some 
caveats. The data shown in Figures 6–8 indicate that wrinkle amplitudes and wavelengths depend on 
the polymer molecular weight and the rotation rate but not the initial polymer concentration. The 
molecular weight dependence is embodied in the initial surface tension, which could account for the 
observed behavior. How the amplitude parameters A, B, and C vary with molecular weight is not 
known, so also could contribute to the observed dependencies. The rotation rate dependence of the 
surface morphology is likely related to evaporation rate changes, which will influence the 
composition parameter C. The lack of change of the observed amplitudes with initial polymer 
concentration is puzzling, within the context of this theory, since Eq 7 has an explicit dependence on 
this parameter. If Eq 7 is rewritten as ao = HoC + A, it may be that A is sufficiently small that the 
initial concentration does not contribute significantly. 
Observation of all of the data in Figures 5–7 show that o and ao show parallel dependencies on 
initial conditions. Combining Eqs 6 and 7 gives the following, 
                                                        (8) 
which is linear for some initial conditions. Using data for a constant initial concentration and 
constant molecular weight, Figure 8 shows the relationship between o2 and ao is approximately 
linear. Using the linear fit parameters gives the intercept/slope ratio = –A 	= –11 nm. The initial 
polymer concentration fraction,  = 0.022, allows an estimate of A = 500 nm. The initial fluid 
height can be found from the substrate surface area, 3.75 cm × 1.75 cm, and the solution volume, 500 
µL, gives Ho = 760 µm. This implies that the initial amplitude variation in the polymer solution, = 
A/Ho, is on the order of 7 × 10
−4, which is reasonable for a small perturbation. Since the wrinkle 
amplitude is approximately independent of polymer concentration, ~90 nm from Figure 7, then using 
Eq 7 give the value for C = 1.2 × 10−4, which is the fractional variation of the concentration. Using 
Eq 6 and o ~ 80 m (from Figure 7) gives B = 88 mN/m, i.e. the surface tension modulation is 3 
times larger than the solvent surface tension.  
 
Figure 8. Wrinkle wavelength squared plotted against wrinkle amplitude for a                   
2.0% (w/v) PS (Mn = 350 kg/mol) solution. Error bars represent a standard deviation of 
three measurements. The solid line is a linear fit with slope = 8.5 × 107 nm and intercept 
= − 9.0 × 108 nm2 (r2 = 0.9193). 
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Within the context of Birnie’s model [60], this implies that a periodic surface structure is 
attained quickly, achieved by the initial stress at the onset of evaporation, and requires a fast 
evaporation rate to lock in the structure. Thus, the compositional modulation of the final dry film is 
primarily driven by the lateral surface tension variations of the solution as it spins. In the THF/DMF 
solvent system, the surface tensions of the pure solvents are similar so the changes in surface tension 
must be driven by concentration changes of the polymer as the solution evaporates. Further, the 
Birnie model [60] predicts that the time dependence of the surface tension and compositional 
sinusoidal amplitudes are proportional to the solvent evaporation rate. This leads to the conclusion 
that the amplitude of the surface wrinkle will be larger for shorter spin times. This is consistent with 
our data, where both the amplitude and the wavelength are larger for shorter spin times. 
4. Conclusion 
The surface morphology of spun cast polystyrene thin films has been studied using optical 
profilometry. The average film thicknesses can be accounted for by a standard model, including the 
role of molecular weight, rotation rate, solution concentration, and solvent composition. However, 
none of the PS films are smooth. Rather, for solvent compositions with fast evaporation times the 
surface spontaneously forms linear wrinkles that exhibit periodicity that can be described with sine 
waves having wavelengths on the order of tens of microns and amplitudes on the order of tens of 
nanometers. It was found the surface morphology changed as a function of the molecular weight of 
polystyrene and the rotation rate used to cast the film but was not influenced by the concentration of 
the polymer solution. In contrast, when the solvent evaporation rate is slow, the surfaces have 
reduced roughness and no periodicity, which is the classical expectation for spin coated thin films. 
The formation of the surface morphology was attributed to the Marangoni effect, which relies on a 
differential evaporation across the surface of the drying fluid. At fast evaporation rates found when 
the THF concentration is high, the anisotropic forces derived from the Marangoni effect prevail, 
leading to the kinetic structure, which are sinusoidal wrinkles. When the DMF concentration is high 
the evaporation rate is too low so only the isotropic rough structure is found. Quantitatively, the 
development of the periodic surface structure was treated as a perturbation from the average 
thickness, as reported in the literature, and the periodicity parameters were shown to be consistent 
with this interpretation. However, how this initial structure develops is still unresolved. The spatial 
variation in surface tension is expected to drive the final morphology, but why the perturbation 
should be sinusoidal is unknown. However, the underlying fundamental parameters still need to be 
established. The wavelengths and amplitudes of wavelike structures showed good reproducibility, 
which means that the perturbation parameters must be defined functions of the experimental 
conditions but none of these relationships are known. Both further experimental and theoretical 
investigations are needed to establish these relationships. The reproducibility of the periodicity is 
potentially useful for preparing defined surfaces. The surface morphology can be used to control the 
structure and spectroscopic properties of surface bound chromophores, an application that will be 
explored in subsequent studies.  
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